The corpus callosum (CC) is the major conduit for information transfer between the cerebral hemispheres and plays an integral role in relaying sensory, motor and cognitive information between homologous cortical regions. The majority of fibers that make up the CC arise from large pyramidal neurons in layers III and V, which project contra-laterally. These neurons degenerate in Huntington's disease (HD) in a topographically and temporally selective way. Since any focus of cortical degeneration could be expected to secondarily deafferent homologous regions of cortex, we hypothesized that regionally selective cortical degeneration would be reflected in regionally selective degeneration of the CC. We used conventional T1-weighted, diffusion tensor imaging (DTI), and a modified corpus callosum segmentation scheme to examine the CC in healthy controls, huntingtin gene-carriers and symptomatic HD subjects. We measured mid-sagittal callosal cross-sectional thickness and several DTI parameters, including fractional anisotropy (FA), which reflects the degree of white matter organization, radial diffusivity, a suggested index of myelin integrity, and axial diffusivity, a suggested index of axonal damage of the CC. We found a topologically selective pattern of alterations in these measures in pre-manifest subjects that were more extensive in early symptomatic HD subjects and that correlated with performance on distinct cognitive measures, suggesting an important role for disrupted inter-hemispheric transfer in the clinical symptoms of HD. Our findings provide evidence for early degeneration of commissural pyramidal neurons in the neocortex, loss of cortico-cortical connectivity, and functional compromise of associative cortical processing.
Introduction
Huntington's disease (HD) is a fatal, autosomal dominant disorder characterized clinically by involuntary movements, neuropsychiatric disturbances and cognitive decline. HD leads to a selective regional neurodegeneration in vulnerable populations of neurons in many regions of the brain. While the striatum has long been recognized for its involvement in HD, recent studies have demonstrated early and significant, neuropathology in the cerebral cortex and have suggested its involvement in important clinical features and progression (Rosas et al., 2008b) . In the neocortex, neurodegeneration in HD especially involves layers III, V and VI (Hedreen et al., 1991) . These layers are made up primarily of pyramidal neurons that give rise to longreaching intra-and extracortical projections. Layer III pyramidal cells primarily give rise to long association fibers that connect intrahemispheric cortical regions and to inter-hemispheric commissural fibers that project through the corpus callosum (CC) (Sach et al., 2004) . With the exception of a few of studies that used whole-brain approaches to evaluate white matter changes, the CC has been largely unexamined in HD (Douaud et al., 2009; Kloppel et al., 2008; Lange et al., 1976; Reading et al., 2005; Rosas et al., 2006; Weaver et al., 2009) . Because the CC plays a key role as the primary cortical projection system connecting the two brain hemispheres, and because cortical atrophy in HD is regionally and temporally selective, focal changes in the CC would be expected. Moreover, because regions of the CC reflect homotypically organized inter-hemispheric connections, damage to specific sub-regions might explain specific cognitive deficits in HD. Alterations in the CC, including changes in morphometry or in microstructure within the CC, have been reported in several neuropsychiatric disorders and neurological disorders including dementia (Salat et al., 2008; Stricker et al., 2009 ) multiple sclerosis (Lowe et al., 2006) and motor neuron disease, as well as in normal aging (Salat et al., 2005a) ; neurological and clinical symptoms of several of these disorders and may be related to altered connectivity. In each, some regions were more thinned or showed evidence of microstructural white matter changes than in others. While we have demonstrated callosal microstructural alterations in HD previously, a comprehensive evaluation of the changes that take place regionally has not been done. Since neurodegeneration is a slow process in HD in which neurites are remodeled and retract long before cell death, we hypothesized that alterations in the CC are likely to occur especially early, long before symptoms are present. We also hypothesized that progressive alterations in callosal functional connectivity might underlie some of the disabling symptoms of HD.
The CC is made up of densely packed, myelinated nerve fibers that primarily connect homologous regions of the cortex. These fibers remain topographically ordered as they pass through the CC (Innocenti, 1994) which facilitates the investigation of the CC using non-invasive neuro-imaging tools, such as diffusion tensor imaging (DTI). DTI provides information about the magnitude and direction of water diffusion within tissue (Pierpaoli et al., 2001 ) and provides measures to characterize the integrity of the microstructure of white matter fibers. Fractional anisotropy (FA) is a scalar measure that describes the coherence of oriented structures (Cercignani and Horsfield, 2001) ; intracellular water within myelinated axons diffuses in a more specifically directional manner as compared to diffusion in unmyelinated axons. Thus, high FA corresponds to preferential diffusion along one fiber orientation, indicating higher tissue organization (Schulte et al., 2005) . Newer measures, focusing on directional diffusivity, include radial diffusivity, which is believed to reflect breakdown of the myelin sheath, and axial diffusivity, which may implicate axonal damage that would occur secondarily to Wallerian degeneration (Kim et al., 2006; Song et al., 2002) . These diverse DTI measures may provide new insights into novel neuropathological mechanisms in even normal appearing brain regions (Pfefferbaum et al., 2008; Sun et al., 2003) .
Our previous work has demonstrated early degeneration of sensori-motor and occipital cortical areas in individuals with HD (Rosas et al., 2002 (Rosas et al., , 2008b ; we hypothesized that alterations in the CC would reflect the underlying regional and temporal changes in the cortex. We combined high-resolution T1-weighted imaging with quantitative DTI, including FA, axial and radial diffusivity, to investigate changes in cross-sectional thickness and microstructure along the medial axis of the CC throughout the spectrum from premanifest through early stages of HD. We evaluated changes along the entire stretch of a mid-sagittal skeleton that was generated as well as changes in five distinct anatomical regions, based on anatomical and functional connectivity between cortical areas as proposed by Hofer and Frahm (2006) . This CC parcellation scheme has been used to study the CC in other neurodegenerative disorders and follows histological studies of callosal topography (Keshavan et al., 2002; Kim et al., 2008) .
We hypothesized that the regional pattern of CC atrophy in Pre-HD and HD would correspond to region-specific cortical neurodegeneration, effectively resulting in commissural "disconnection" in HD. We also investigated the relationship between cross-sectional thickness and FA measures; we hypothesized that diffusion measures might have a greater sensitivity than morphometry since degenerative tissue changes likely occur prior to measurable CC atrophy, and would reflect early neuronal dysfunction, rather than neurodegeneration, in HD. Finally, we hypothesized that alterations in regional connectivity might contribute to cognitive dysfunction in HD.
Methods

Subjects
Individuals with symptomatic HD (N = 21, 8M/13F, mean age 46.4 ± 8.9) and those with the genetic expansion that causes HD but who were without motor symptoms (pre-manifest, PHD, N = 19, 8M/13F mean age 40.2 ± 10.4) were recruited through the Massachusetts General Hospital (MGH) Movement Disorders Clinic. PHD and HD subjects were assessed by a neurologist from the Movement Disorders Clinic (HDR). PHD subjects had undergone pre-symptomatic genetic testing, which was diagnostic in all (CAG number ≥ 40). HD subjects had unequivocal motor symptoms and either a known family history of HD or a known trinucleotide repeat expansion. Age and gendermatched healthy adults for each group were recruited (N = 19, 7M/ 12F, mean age 45.2 ± 8.7 HD-matched subjects; N = 21 8M/13F mean age 39.7 ± 11.3 PHD-matched subjects) from the community. Procedures were fully explained to all individuals and written informed consent was obtained in accordance with the Human Research Committee guidelines of MGH. Protocols were performed in compliance with institutional guidelines provided by the Internal Review Board at MGH. All individuals were assessed with cognitive and functional components of the Unified Huntington's Disease Rating Scale (UHDRS), including Stroop Color Word, Digit Symbol, and Verbal Fluency. To examine relationships between clinical and imaging measures and proximity to the predicted onset of HD symptoms, we used a CAG-based prognostic model as described previously (Langbehn et al., 2004) . Within this group, subjects were divided at the group median for predicted years to expected onset, operationally defined as "near" to onset (N = 10), less than 11 years to estimated diagnosis, and "far" from onset (N = 11) onset, those greater than 11 years to expected diagnosis (N = 10). Symptomatic HD subjects were stratified into two groups, those with a total functional capacity score of greater than 9 (HD1) and those between 7 and 9 (HD2). Characteristics of the study group are given in Table 1 .
Data acquisition and pre-processing
Imaging data were acquired on a 1.5 T Siemens Avanto scanner (Erlangen Germany). CC morphometric analyses: For the crosssectional CC thickness measurements, two high-resolution MPRAGE scans were motion corrected and averaged for each subject Table 1 Demographic and clinical data of study subjects. (resolution 1.3 × 1 × 1.3 mm, TR = 2730 ms, TE = 3.31 ms, matrix 256 mm × 256 mm, slice thickness 1.33 mm, 128 slices, FA = 7°, T1 = 1000 ms) in order to create a single image volume with high contrast-to-noise. CC DTI analyses: WM integrity was assessed using DTI measures of FA and diffusivity (comprised of axial and radial components) (Budde et al., 2007; Song et al., 2002 Song et al., , 2005 . Image acquisition employed a single shot echo planar imaging with a twicerefocused spin echo pulse sequence, optimized to minimize eddy current-induced image distortions as described previously and used in our prior work (Reese et al., 2003; Salat et al., 2008) (TR/ TE = 7400/89 ms, b = 700 s/mm 2 , 256 mm × 256 mm FOV, 2 mm slice thickness, isotropic, with 0 mm gap, 10 T2 + 60 DWI, isotropic, 64 slices in the AC-PC plane). The 60 non-colinear directions were obtained using the electrostatic shell method (Jones et al., 1999) , providing a high signal to noise diffusion volume.
Segmentation algorithm
The inter-hemispheric fissure of each volume was then optimally aligned in the superior-inferior orientation for a precise estimate of the mid-sagittal portion of the CC from each image. The CC was identified in these transformed volumes using an automated labeling procedure developed at the Martinos Center and described in detail previously (Desikan et al., 2006) with an extension to include the CC (Fig. 1A) . The medial axis (skeleton of the CC was defined on the midsagittal slice for the calculation of thickness and DTI measures, based on the approach of Golland et al. (2005) that uses a potential energy field and an elastic force to drive the skeleton into place. This method provides a robust medial axis computation since it is not sensitive to the boundary noise and allows no branching during the skeleton estimation process by representing the skeleton with an undirected graph. The construction of the skeleton is accomplished with an iterative snake-like algorithm using the distance map. The "skeleton" is first initialized as a straight line connecting the genu and splenium and a distance map is created such that the value at each voxel is equal to the minimum distance from the voxel to a point on the CC segmentation border. For points within the CC, the potential energy at each voxel is defined as the magnitude of the gradient of the distance map. For points outside the CC, the potential energy is defined as the negated distance from the nearest boundary point. We next gradually move the skeleton to the ridge of the distance map by moving each point along the gradient of the distance map. In addition, we also add an elastic force to maintain the smoothness of the skeleton. We fix the end points of the initialized skeleton and iterate until the internal points on the skeleton oscillate around the ridge. In the final step, we fix the internal points to re-estimate the skeleton points close to the genu and the splenium and estimate a new reconstruction error. We iterate through all candidate endpoints until a minimum reconstruction error is found. The resulting T1 skeletons consisted of an equal sampling of 200 points along the medial axis (Fig. 1B) . The thickness of the CC was calculated at each of 200 points along the T1 skeleton, using a threshold cutoff of 0.2, a conservative threshold, to exclude regions outside the callosum, by summing the minimum distance from the skeleton to the superior and inferior boundaries of the segmented CC at each of the 200 points (with the constraint that the angle created between these line segments must be greater than 3.0 rad). This is illustrated in Fig. 1C .
DTI pre-processing and analysis. Motion, eddy current and B0 distortion correction Image pre-processing was performed as described previously (Salat et al., 2005b) , using FreeSurfer. First, diffusion volumes were motion corrected and averaged using FLIRT (FMRIB's Linear Image Registration Tool: http://www.fmrib.ox.ac.uk/analysis/research/ flirt (Jenkinson et al., 2002) with mutual information cost function to first register each average for each direction to the first average of each similar direction and then to register each direction to the T2 weighted DTI volume (no diffusion weighting, the volume with the least eddy current distortion). This motion/eddy current distortion correction procedure performs robustly in registering volumes with different contrast properties and results in a significantly higher signal/contrast to noise volumes compared to averaging without such correction. Fig. 1 . Corpus callosum segmentation. A. Segmentation of the corpus callosum. The CC was identified in the transformed volume using an automated labeling procedure developed at the Martinos Center. B. CC skeleton. A "skeleton" was generated by creating a line connecting the genu and the splenium such that the value of each voxel making up this line was equal to the minimum distance from the voxel to a point on the CC segmentation border. C. CC thickness. The thickness at each of the 200 points along the skeleton was estimated as the distance between the superior and inferior borders with the constraint that the angle between these was greater than 3.0 rad. D. Topography of the midsaggital corpus callosum and proposed fiber composition, based on Hofer and Frahm's classification. CC1 prefrontal, CC2 premotor and supplementary motor, CC3-CC4 sensori-motor, CC5: parietal, temporal and occipital. Registration of the T1 data to the DTI data. The registration was performed using a novel boundary based registration procedure (BBR) (Greve and Fischl, 2009) ; this method uses a reference image that is of sufficient resolution and quality to extract surfaces that separate tissue types, in this case, the T1 weighted scans. The input image, in this case DTI, is then aligned to the reference by maximizing the intensity gradient across tissue boundaries. This procedure is particularly suited for this type of cross modal within-participant registration because it takes advantage of anatomical information to co-register images rather than using less anatomically based properties such as the correlation among voxel intensity values. The BBR procedure has been shown to be more accurate than correlation ratios or normalized mutual information and more robust to even strong intensity inhomogeneities (Greve and Fischl, 2009 ).
Fractional anisotropy (FA) and diffusivity maps calculations.
The primary measures acquired from the DTI data were fractional anisotropy, FA, which is a scalar metric that is dependent on the orientational coherence of the diffusion compartments within a voxel and was considered the primary metric of interest (Pierpaoli et al., 2001) . The three principal eigenvalues from the diffusion tensor of the DTI data were calculated, representing the diffusion coefficients along the three principal eigenvectors (vectors of diffusion orientation). The CC segmentations were generated automatically using procedures developed at the Martinos Center (Salat et al., 2005b) . The midsagittal slice of the FA volume was linearly interpolated, and the FA, radial diffusivity and axial diffusivity values were sampled at each of the 200 points along the skeleton. This sampling from the middle voxels of the CC minimized potential contamination of measures from partially volumed voxels at the edges of the CC. Any fornix included in this segmentation was automatically removed. FA was calculated using the standard formula defined previously (Rosas et al., 2006) along each of the 200 points. We additionally examined measures of axial (λ 1 ) and radial [(λ 2 + λ 3 ) / 2] diffusivity as described previously (Song et al., 2002) . λ 1 is the largest eigenvalue within a voxel and is presumed to represent the water diffusivity parallel to the majority of axonal fibers. Radial diffusivity represents diffusion perpendicular to the axonal fibers.
Parcellation of the corpus callosum.
While several schemes for regionally dividing the CC exist (Rajapakse et al., 1996; Witelson, 1989 ) we adopted Hofer and Frahm's approach (Hofer and Frahm, 2006) , dividing the CC into 5 sub-regions, each believed to subserve distinct functional associations between homologous cortical regions. This method is based on connectional anatomy defined by DTI tractography that is believed less arbitrary than simple proportional division schemes. The five callosal sub-regions were defined as: the anterior sixth (CC1), the anterior half minus the anterior sixth (CC2), the posterior half minus the posterior third (CC3), the posterior third minus the posterior one-fourth (CC4), and the posterior one-fourth (CC5). The intra-class correlation coefficient for intra-rater reliability of the thickness measurements (determined from 4 scans measured 5 times by the same researcher) ranged from 0.99 for CC1 to 0.97 for CC2. These division schemes are illustrated in Fig. 1D .
Statistical analyses. HD subjects: We investigated differences between all HD subjects and controls and we also considered separately differences between HD subjects with TFC above the median TFC (HD1) with all controls, and HD subjects with TFC below the median (HD2) with all controls. We assessed the significance of these group differences using one-way ANOVA models, considering thickness, FA, Radial Diffusivity, Axial Diffusivity in each of the five regions of the CC (CC1, CC2, CC3, CC4 and CC5). For the analyses for high and low TFC's, we used a Bonferroni correction to adjust for multiple comparisons; all results account for multiple comparisons. PHD subjects: For PHD subjects and controls, we first compared all subjects to their controls and then divided the PHD subjects into "far" and "near" time to onset (Langbehn et al., 2004) . For the first situation, we performed one-way ANOVAs. For the situation where group had three levels (control, near, far), the effect of group in this analysis was in some cases dependent on age and/or sex. Therefore, we used linear regression models with Group as a factor, and Age, Sex and interactions as covariates. We performed multiple comparisons in this regression setting by using the approach of Hothorn et al. (Hothorn et al., 2008) , which enabled us to obtain p-values adjusted for multiple comparisons of "near" versus control and "far" versus control over both sexes and over the entire range of Age present in our dataset. Statistical analyses were made using R (Team, 2009) , extended with the add-on package "multcomp" of Torston Hothorn (Hothorn et al., 2008) . A somewhat more refined spatial investigation of between group differences was performed using point-wise t-tests and Functional Data Analysis techniques (Ramsay and Silverman, 1997) . Finally, we examined the association between neuropsychological test results and each of the imaging responses using simple linear regression and Pearson correlations.
Results
Group comparisons: Cross-sectional thickness
The results of the group comparisons are illustrated in Fig. 2 and summarized in Table 2 .
There were no significant differences in the thickness of the CC in PHD subjects when the groups were divided by estimated time to onset. In contrast, in HD subjects, the cross-sectional thickness of the CC and of each one of the CC regions was significantly smaller as compared to controls (CC1 p b 10 − 6 , CC2 p b 0.005, CC3 p b 0.01, CC4 p b 0.005, CC5 p b 0.001, adjusted for multiple comparisons). Dividing the group further by disease severity did not reveal significant differences between HD1 and HD2 subjects.
We evaluated the magnitude of the thinning as a percentage from measured control values (Table 3 ). In the group of HD subjects as a whole, CC5, the most posterior region (CC5), was thinned by 24%; CC4 by almost 21%, CC3 by 13%, CC2 by 17% and CC1 by 21%, C2 by 17%. While the magnitude of the thinning was greatest in CC5, there was no significant difference among the CC regions nor between the two HD groups. In PHD subjects, reductions in cross-sectional thickness were reduced by approximately 5% in CC3, CC4 and CC5 in the PHD "far" group; in the PHD "near" group, reductions were more Table 2 Cross-sectional thickness of the CC and its sub-regions. substantial: by 8% in CC3, by 14% in CC4 and by 10% in CC5. The distribution of these results recapitulates cortical changes, which have demonstrated thinning of sensori-motor and occipital areas early in disease.
Group comparisons: Diffusion measures
Fractional anisotropy: Using a linear regression model which included age and sex as covariates, we found significant reductions in FA in every region of the CC in the PHD group (CC1 p b 0.95, CC3 p b 0.005, CC3 p b 0.01, CC4 p b 0.05, CC5 p b 0.01). When the group was stratified according to time to estimated onset, significant reductions in FA in the "far" to estimated onset were present only in CC2; in the PHD "near" group, significant reductions were present in CC2, CC3 and CC5 (CC2 p b 0.001, CC3 p b 0.05, CC5 p b 0.01, corrected for multiple comparisons). In HD subjects, FA was significantly lower in all CC regions, (p b 0.0001, corrected for multiple comparisons). Radial diffusivity: Radial diffusivity was significantly higher in PHD subjects in CC1, CC2, CC3 and CC5. When the group was stratified by estimated time to onset, radial diffusivity in the "far" group was increased only in regions CC2 and CC5 (p b 0.05, p b 0.001, respectively, corrected); in the "near" group, radial diffusivity was increase in regions CC2, CC3, and CC5 (p b 0.005 for all regions, corrected). Radial diffusivity was significantly increased in all CC regions in HD subjects (CC1 p b 0.0001, CC2 p b 0.005, CC3 p b 0.001, CC4 p b 10 − 6 , CC5 p b 0.0005). Axial diffusivity: Axial diffusivity was not significantly different in PHD subjects, either in the group as a whole or when the group was stratified by time to estimated onset. In contrast, in HD subjects, axial diffusivity was increased in every region of the CC (CC1 p b 0.005, CC2 p b 0.05, CC3 p b 0.05, CC4 p b 0.001, CC5 p b 0.05). Results are summarized in Table 4 .
Point-by-point comparisons
Thickness and diffusion measures were also calculated along the medial axis skeleton of the corpus callosum at each of 200 points equally spaced along the structure for a point-by-point, more finegrained, evaluation and are shown in Fig. 2b . Using a functional data analysis approach, we found significant thinning extending from points 80 to 165 in PHD subjects closer to expected onset; these points correspond roughly to sub-regions CC3 and CC4, regions that include projections from sensori-motor and parietal cortical regions. The cross-sectional thickness values for both HD1subjects and HD2 subjects were significantly different from controls across each of the 200 points. FA: In PHD subjects closer to expected onset, FA values along the entire skeleton were significantly reduced and overlapped with FA values of HD subjects from points 50 to 190, which included portions of CC2, CC3, CC4 and portions of CC5, consistent with the regional analyses. FA values in HD subjects were significantly reduced throughout the entire skeleton as compared to controls, more so in HD2 subjects; however, the differences in FA values were not significantly different between HD1 and HD2 subjects. Radial diffusivity: Radial diffusivity was increased throughout the skeleton in PHD subjects, more so in PHD subjects closer to expected onset, where the curve along points 110 to 150 virtually overlapped with that of HD symptomatic subjects. Axial diffusivity: Axial diffusivity measures were not significantly different from controls in either PHD group; however, there were significant differences in axial diffusivity in HD subjects.
To summarize, changes in diffusion measures, which capture microstructural changes in the CC in HD were present in subjects more than a decade prior to their expected clinical onset. These alterations appeared to occur in a topologically selective, and temporally predictable, pattern that may reflects early cortical "disconnection". The cross-sectional thickness of the CC was also reduced, but measurable changes were present only in the PHD "near" group, and only in select regions, as well as in the HD group, suggesting that diffusion changes might precede or provide a more sensitive measure of very early pathological change in HD.
Relationship between regional changes in CC and clinical measures
We considered whether changes in the CC FA and thickness were associated with performance on the cognitive tasks of the UHDRS. We performed linear regressions to associate performance on the Symbol Table 4 Corpus callosum DTI measures: FA, axial diffusivity, and radial diffusivity. 
Discussion
The principal neurons of the cerebral cortex, pyramidal cells, and their interconnections are the neurologic substrate of many higher order functions such as sensory perception, thought, memory, imagination, emotion, and movement control. These functions are all affected in HD and indeed pyramidal cells have been identified as vulnerable to neurodegeneration. Our understanding from the neuropathology of HD in humans and in genetic animal models is that neurodegeneration is a slow process in which neurons endure prolonged stress-induced alterations that include dendritic and axonal remodeling and retraction that can be expected to alter their connections and functionality long before cell death. Cortical grey matter degeneration has been well documented in HD and recently it has been correlated with important HD symptoms (Rosas et al., 2008a) . Pyramidal cell degeneration results in reduction and loss of the complex interconnections these neurons participate in. Loss of local connections likely contributes to cortical thinning and dysfunction. Loss of long connections, many of which are myelinated axons can be predicted in the subcortical white matter as alterations in inter-hemispheric, intra-hemispheric (callosal), and corticofugal pathways. Although atrophy of the subcortical white mater has been described, little is known about its temporal relation to grey matter changes or to clinical features. In this study, we have focused on the corpus callosum because the pyramidal cells giving rise to it are known to be affected early in HD, the topography of projections through it are well understood, and because recent advances in white matter imaging are especially well suited for studying the CC.
The CC is made up primarily from fibers that arise from large pyramidal neurons in layers III and V that give rise to long-reaching intra-cortical projections (Conti and Manzoni, 1994; Innocenti et al., 1995) . Here we report early microstructural changes in the CC, as demonstrated by alterations in diffusion measures, including reductions of FA and increases in both axial and radial diffusivity. Reductions in FA typically reflect disruption of white matter microstructure. We found significant reductions of FA in PHD subjects far from expected onset in CC2 and significant reductions in every CC sub-region in PHD subjects close to onset and in HD subjects. In HD, increases in FA could reflect a combination of demyelination and/or degeneration of axons from damaged cortical neurons, decreased density in white matter pathways, breakdown of certain constituents of the cytoskeleton, or decreased directional coherence within the WM pathways (Basser and Pierpaoli, 1996; Salat et al., 2005b; Sehy et al., 2002) . We also found significant increases in radial diffusivity, present in CC2 and CC5 in PHD subjects far from expected onset and present in all sub-regions in PHD near and HD subjects. Radial diffusivity measures the perpendicular motion of water in fibers; animal models have suggested that radial diffusivity is sensitive to abnormalities in myelin membranes and may reflect dysmyelination or demyelination . In contrast, we found significant increases in axial diffusivity only in symptomatic HD subjects. Axial diffusivity will increase with increased extra-axonal space, resulting from reduced axonal caliber, which allows faster water molecule movement parallel to axons (Sun et al., 2008) . Studies of other neurodegenerative disorders have shown either reductions or increases in these diffusion measures (Salat et al., 2008) , each suggesting that these measures may provide early, sensitive measures of neurodegeneration. Significant reduction in the cross-sectional thickness of the CC were also present in HD subjects in all sub-regions; while reductions of more than ten percent were present in the thickness of more posterior CC sub-regions, the reductions in crosssectional thickness did not reach statistical significance.
These findings are important for several reasons. First, they demonstrate measureable and significant differences in several diffusion measures more than a decade prior to expected clinical symptoms, changes that precede measurable morphometric changes in the CC. Second, they also suggest that alterations in the CC in HD follow both a topologically selective and temporally specific degeneration, with early changes in more posterior segments, primarily those through which fibers from sensori-motor and visual fibers traverse, followed by alterations in more anterior segments. The motor and visual systems are functional systems that are critical early in life and in which myelination occurs early and progresses rapidly (Yakovlev and Lecours, 1967) . Both systems are dynamic and are associated with high energetic demands; metabolic dysfunction and alterations in energetics play important mechanistic roles in HD (Beal, 2005; Browne, 2008) and may therefore also contribute to the regional changes in the CC.
Importantly, the temporal and regional patterns of measurable diffusion changes in the CC parallel the pattern of cortical thinning that we have reported previously in HD (Rosas et al., 2008a) and suggest a complex pathophysiology that affects WM and possibly reflects both axonal degeneration and alterations in the characteristics of the myelin sheath (Sotrel et al., 1993) . Because changes in diffusion measures were present much earlier than measureable changes in thickness, they may implicate structural alterations and dysfunction of callosal efferent neurons in corresponding regions of cortex prior to frank neurodegeneration. Because few fibers that make up the CC arise from cortico-striatal neurons, this work also suggests that cortical degeneration is not dependent on the degeneration of striatal neurons. At the most localized level, these finding may reflect differences in the CC itself and of the specific cortical cells that send fibers through the regions of the CC. As callosal fibers are organized topographically, microstructural changes in either axons or myelin may disrupt the transfer of specific neocortical information across hemispheres and may account for some of the complex cognitive symptoms of HD that have until now been poorly explained by invoking cortico-striatal dysfunction.
The early cognitive and psychiatric symptoms of HD have been the focus of several recent studies; our work suggests that alterations in cortico-cortical connectivity may contribute in a significant way to cognitive dysfunction in HD. We found a significant relationship between cognitive measures and circumscribed reductions in the FA and increases in radial diffusivity of distinct sub-regions, suggesting that disrupted inter-hemispheric information transfer contributes significantly to cognitive dysfunction in HD. Performance on the Verbal Fluency and Symbol Digit was associated with these changes in the anterior sub-regions of the CC, consistent with disruptions in fronto-striatal circuitry. We also found an association between diffusion measures in the splenium and the Symbol Digit, perhaps explained by the visuo-spatial demands associated with this task. In contrast, we found no relationship between CC thickness, FA, axial or radial diffusivity and age or CAG repeat length, suggesting that CAG repeat length is likely not a main determinant of CC atrophy in HD.
Summary
We have performed a comprehensive study of the corpus callosum in HD, spanning over 20 years of disease course from remote to distant pre-manifest to early symptomatic disease. Our results demonstrate that the corpus callosum develops regionally selective changes in its microstructural anatomy early in HD, more than a decade before the onset of motor symptoms. These alterations occur prior to measurable atrophy and likely reflect degeneration of callosal projecting pyramidal neurons in the neocortex, loss of cortico-cortical connectivity, and functional compromise of associative cortical processing. The result is a significant contribution to the cognitive deficits of HD. Our results reaffirm the clinical and pathophysiological importance of the cortex and altered cortical circuitry and function in HD and suggest a role for progressive WM alterations in the clinical symptoms that occur.
